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Topics Discussed in the Three Lectures 

1)  QCD and B‐Physics 
2)  Electroweak, Top, and ExoNcs 
3)  Higgs Boson Searches 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Tevatron Results 1:  QCD and B Physics 
Tom Junk 

•   IntroducNon to the Tevatron 
•   CDF, D0, and their respecNve 
      capabiliNes 
•   Inclusive and Exclusive 
   ProducNon of photons 
•   W Forward‐Backward  
    Asymmetry 
•   Bsμμ 
•   Charmless B decays 
•   Bs mixing and CP violaNon 
•   Upsilon PolarizaNon 
•   B Baryons 

LHC PhenoNet Winter School 2012 
22‐29 January 

Ascona, Switzerland 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The Tevatron and Associated Accelerators 

CockroX‐ 
Walton 

Linac  Booster 

pbar debuncher 
and accumulator 

ppbar collisions at 1.96 TeV 
Luminosity up to 400E30 cm‐2s‐1 
A very good week: ~80 pb‐1 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Tevatron Performance Improved over the Years 

•   Store anNprotons in recycler 

•   Faster transfers from 
    pbar accumulator to recycler 

•   Electron cooling of pbars in recycler 

•   Efficiency and reliability of injecNon 

•   Faster shot setup 

•   SeparaNon of orbits at parasiNc crossings 

•   Replacement of 1200 He relief valves 

•   Faster beam aborts during quenches 

•   “cogging” pbars to prevent quenches  
   during acceleraNon 

A parNal list of  
improvements: 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Integrated Luminosity Delivered and Acquired 

Delivered 

CDF 

Delivered: 12.0 
Acquired: 10.0 

Reasons for lower acquired data: 
•   trigger and readout deadNme 
•   HV ramp‐up at beginning of store and trips 
•   DAQ resets and other problems 
   (radiaNon causes glitches in sensiNve electronics 
    in the collision hall) 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CDF 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The        Detector 
Lepton coverage: 
|η| < 1.5 (muons) 
|η| < 2.0 (electrons) 

b‐tagging with 
|η| < ~1.4 

Jets to 
|η| < 2.8 
Higgs analyses 
restrict to 
|η| < 2.0 

Dijet mass 
resoluVon: ~16% 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CDF Run II Trigger 
 System 

Level 1 trigger  ~15 KHz 
tracking 

calorimeter: jets & electrons 
muons 

Level 2 trigger  ~800 Hz 
L1 informaNon (tracks, e, µ) 

calorimeter shower max  
silicon informaNon 

algorithms run in L2 processor 

Level 3 trigger ~200 Hz  to tape 
full detector readout 
event building 

“offline” processing 

D
et
ec
to
r 
Re

ad
ou

t 
pa

th
 

Bunch Crossing Rate: ~1.7 MHz 

K. Pijs 



T. Junk: Tevatron Results, LHC PhenoNet Winter School 2012  9 
November 1, 2004 

 Hundreds of applicaVon‐ specific boards 
working together, passing and processing 
data on the nanosecond Vmescale… 

System continually 
upgraded to deal with 
increasing luminoity/
pileup 

K.Pijs 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The      Detector 

New Innermost Silicon 
Layer added between 
Run IIa and Run IIb 

Lepton coverage: 
|η| < 2 (muons) 
|η| < 2.6 (electrons) 

b‐tagging with 
|η| < ~2 

Jets to 
|η| < 3 

Similar dijet mass 
resoluNon to CDF 

ScinNllaNng 
fiber tracker 

Trigger similar 
to CDF’s 

Good Feature:  Regular 
Switching of Solenoid Field – 
Cancels Some SystemaNc UncertainNes 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Uncorrected Jet Response is Highly angle dependent 

This is corrected out, but then the jet resoluNon is highly angle dependent. 

Aside:  Building a jet clustering algorithm into the trigger is a great way to ensure 
it never gets changed.  Untriggered data are lost forever! 

CDF 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Mistag rates 
typically 
~1% for  
light-flavor jets 

Example 
candidate 
event (lvbb) 

Impact 
parameter 
resolution 
for high-pT 
tracks ~18µm 

L00 single-sided silicon + 
5-layer double-sided silicon+ 
2-layer ISL 

B‐tagging relies on  
displaced vertex 
reconstrucNon: 
  high mass, long lifeNme 

D0 B‐tagging per‐jet 
efficiency = 50‐70% (of taggable 
jets)  for 1‐5% Mistag rate 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Primary 
Vertex 

A “PosiNve” Tag 

Tracks 

Primary 
Vertex 

A “NegaNve” Tag 

Tracks 

Fake tags calibrated 
with data – resoluNon 
dominated negaNve tags. 

Watch out for asymmetry: 
scajers in detector material 
and long‐lived strange 
parNcles cause more 
posiNve mistags than 
negaNve ones 

PosiNve b‐tags 
Calibrated in data 
with a sample of 
dijets – 
“away” jet is 
b‐tagged, “probe” 
jet has a  
high‐PT,rel electron. 
Tag rates compared 
in data and MC 

“away” jet 
(vertex‐taggd) 

Primary 
Vertex 

“probe” 
jet 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CDF: Train a NN to separate b’s from charm and light  
flavor jets in vertex‐tagged jets 

D0:  Use the NN as the 
b‐tagging tool from  
the start.  Choice of  
operaNng points. 

Some of the inputs:   
  Displaced vertex mass 
  # tracks in displaced vertex 
  Decay flight distance and significance 
  IdenNfied leptons in and near jets 
  Secondary vertex fit χ2 
  Jet ET  

CDF and D0: Efficiency and Mistags and NN’s  
Calibrated with Data 

MC 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Inclusive Diphoton ProducVon 
•   Background to Hγγ Search, heavy resonance search, and extra dimension search 
•   Test of pQCD and Monte Carlo implementaNons 

Dominant producNon mechanism 
qqbar  γγ 

ggγγ is less important 
 but contributes at low mγγ

Diphoton Plus Jet(s) 
Jet(s) Plus Diphoton 

At CDF, photons are selected with ET>17 GeV (γ1) and 15 GeV (γ2), and |y|<1 for both photons 
(central calorimeter – also tracking coverage to reject electrons) 
IsolaNon required – less than 2 GeV in a ΔR<0.4 cone around the photon (rejects mulNjet bkg). 
Photons can “spoil each other’s isolaNon” 
IsolaNon requirement and nontrivial detector effects require the use of a full MC descripNon 
including associated hadron producNon, UE, and pileup. 

See L. Cieri’s 
talk earlier 
today. 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Inclusive Diphoton ProducVon 

CDF CollaboraNon, Phys. Rev. Lej. 107, 102003 (2011) 
     Phys. Rev. D  84, 052006 (2011) 

Modeling looks good in 
the region we care about 
most for Higgs searches 

But Higgs s/b 
is very small, so 
precise bkg shape 
is very important! 

Efficiency calibrated with 
Zee decays 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RESBOS: 
NLO Cross SecNon, 
Resummed ISR 
soX gluons 

PYTHIA: 
Parton shower 

€ 

qq →γγ

gg→γγ
+ 

€ 

qq → gγγ ISR
gq→ qγγ ISR
gq→ qγγFSR

DIPHOX: 
NLO calculaNon 
with parton 
fragmentaNon 
into photons 

NNLO predicNon 
may indeed 
fix this! (L. Cieri’s talk) 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Exclusive Diphoton ProducVon with CDF 

CDF CollaboraNon,  
arXiv:1112.0858 [hep‐ex] (2011) 

Select photon candidates 
with no track, pT,γ>2.5 GeV, 
and |η|<1.0; 
no other parNcles detected 
with |η|<7.4 (luminosity 
monitor and beam shower 
counters have to be empty 
to suppress dissociated proton 
background). 
Also select exclusive e+e‐ Events 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Exclusive Diphoton ProducVon 

1.1 �‐1 

€ 

σ pp →pγγp = 2.48−0.35
+0.40(stat)−0.51

+0.40(syst) pb
with

ηγ <1.0 and E T ,γ> 2.5 GeV

€ 

σ exclusive
e +e − = 2.88−0.48

+0.57(stat) ± 0.63(syst) pb
with
ηe <1.0 and ET ,e> 2.5 GeV

And Electrons too 

compared with 3.25±0.07 (QED) (Vermaseren) 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Measurement of the Forward‐Backward Asymmetry of W Bosons with D0 

Inclusive pTμ>20 GeV 
20 < pTμ < 35 GeV  pTμ > 35 GeV 

g accounts for the charge misidenNficaNon rate, determined with like‐sign 
Zμμ candidate events.  Solenoid reversal results are consistent. 

u 

d 

W+ 

Forward‐Backward Asymmetry 
comes largely from the difference 
between u and d PDF’s. 
The compton 
diagram gqWq also parNcipates. 

Is the LEPTON asymmetry (directly observable.  pz,W ambiguous 
due to neutrino soluNon. 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D0 Z + b jets 
Phys. Rev. D 83, 031105 (2011) 

Vertex mass templates. 
LF template validated with 
negaNve‐tagged jets 

Fit to jets along with the Z 

For events with a jet with pT>20 GeV and |η|<2.5, 
the raNo of σZ+b+X/σZ+jets= 0.0193 ± 0.0027 
MCFM (NLO):  σZ+b+X/σZ+jets= 0.0192 ± 0.0022 
  (3.6% less when detector response, resoluNon, 
   hadronizaNon, and underlying event are accounted for) 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Br(Bsµµ) in the SM is ~10‐9  

In many SUSY models, the branching raNo is 
 enhanced by a few orders of magnitude  

Search for Bs and Bd  μμ 

SUSY processes subsNtute H± for W± for example, and chargino/neutralino/squark loops 

Z‐>h, A in the s‐channel decay provides high sensiNvity to tanβ 

In the SM: 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PRL 107, 191801 (2011) !

A hint of a signal (not incompatible with latest LHC limits)!

Bckg 0.8±0.4 
observed 4 data 

expected bckg 

bckg systemaNc 

2 central 
muons 

1 central 1 
forward 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Background hypothesis p-value = 0.23!
BR< 6*10-9 @95%CL (expect 4.6)!
Start to become interesting (60xSM)!

PRL 107, 191801 (2011) !
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CDF’s Two‐Track Trigger 

  Data that match prescribed pajerns in the silicon triggers acceptance of the 
event. 

  Provides purely hadronic final states ‐ biased to heavy flavor 
  Flight from the beam  > 200 µm 

Central  
DriX Chamber 

Silicon Vertex Detectors 

Solenoid 

  DriX chamber 
tracks define 
“roads” into the 
silicon vertex 
detector. 
  pT > 2 GeV/c 

P. Lukens 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CDF pionereed the 
technique in hadron 
collisions and discovered 
several:!
• First observations of:!

•  Bs→K+K-!

•  Bs→K+π-!

•  Λb→pπ-!

•  Λb→pK-!

• Measurements of!
•  ACP(Bs→K+π-)!
•  ACP(B0→K+π-)!
•  ACP(Λb→pπ-)!
•  ACP(Λb→pK-)!
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arXiv:1111.0485 [hep‐ex] 

•  3.7σ evidence for Bs→ππ.!
BR = (0.57 ± 0.15 ± 0.10)×10-6 !
•  2-sided B0→KK bounds.           
0.05<Br<0.46 ×10-6 at 90%CL !

 Indicates strong annihilation!
 Inportant input into models !

Likelihood includes 
parVcle ID (dE/dx) and 
kinemaVc variables 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Phys. Rev. Lej 97, 242003 (2006) 
Phys. Rev. Lej 97, 021802 (2006) 

CDF and D0 Observed Bs OscillaVons in 2006 

LEP1 Couldn’t do it – not enough resoluNon.  Beam pipes were too big 
   OscillaNon frequency is very high – several oscillaNons before decay. 
SLD Couldn’t do it – resoluNon is good, but not enough data 

Ingredients:  Measure sign at producNon: 
  sign at decay:  use lepton charge in semileptonic deay 
  Proper Nme:  Need momentum and decay length 

€ 

Bs or B s next slide 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Opposite‐Side Sign IdenVficaVon DiluVon Factor CalibraVon in Data 
Need to idenNfy the iniNal state as 

€ 

Bs or B s

“Opposite‐Side”  Used to 
measure producNon sign of B 
Ingredients to measured sign 
Semileptonic decay lepton charge, 
or lacking that, vertex charge. 
ConNnuous funcNon d refers to how “sure” 
the measurement is (some events bejer  
determined than others) 

B D 

Bs  Ds 

Side used 
to measure 
Bs Mixing. 
CalibraNons  
performed with 
B0 decays and not 
Bs. 

CDF includes also “same‐side” tagging informaNon 
from signs of fragmentaNon tracks near the Bs 
candidate. 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CharacterizaVon of the Bs System 

In the neutral Kaon system, two bases:                               (strangeness)    

€ 

K 0 or K 0

€ 

KL  or KS
(CP) 

KL has a very much longer lifeNme than Ks, and very slightly different masses. 
Different decays:  KL decays to 3π and Ks decays to 2π.  CP violaNon discovered first 
in the neutral kaon system, with kaons of a characterisNc lifeNme decaying to the wrong 
CP eigenstate (KL decaying to 2π about 1E‐3 of the Nme) 

Similar rich physics expected in the Bs system.  The two states, BL and BH, are expected to 
be CP eigenstates. 

What is Δms?  What is ΔΓs?  What is the CP‐violaNng phase 

Strategy:  Use BsJ/ψ ϕ decays.    Accessible from unmixed decays and mixed decays. 
    Interference between BsJ/ψ ϕ and BsBs J/ψ ϕ  

Angular distribuNons of J/ψμ+μ‐ and ϕK+K‐ to 
separate out the CP‐even and CP‐odd components as funcNons of proper Nme. € 

φs
J /ψφ = −2βs

SM = 2arg[−VtbVts
* /VcbVcs

* ] = −0.038 ± 0.002 in the SM
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ReconstrucVon of  BsJ/ψ ϕ  μ+μ‐ K+K‐ 

Defined angles shown in pink 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Coping with Backgrounds to  BsJ/ψ ϕ  μ+μ‐ K+K‐ 

Sidebands characterize rate and angular distribuNons of combinatoric  
background. 

Uncertainty 
on proper 
decay Nme 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Reconstructed Angular DistribuVons in  BsJ/ψ ϕ  μ+μ‐ K+K‐ 

Background 
rich 
sidebands 

Signal 
region 

Green:  Bs signal.  Gray:  Combinatoric Background  Black: total 

Best fit funcNons shown  These are made in bins of proper decay Nme too. 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Constraints on ΔΓs and the CP‐ViolaVng Phase ϕs
J/ψϕ 

D0 CollaboraNon, arXiv:1109.3166v1 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Measurement of the Like‐Sign Dimuon CP‐ViolaVng Asymmetry 

Look in the data for events with μ+μ+ and  μ‐μ‐ .   

Like‐sign dimuons come from 
•   B hadron mixing 
•   D hadron mixing (which is very small) 
•   MulN‐heavy‐flavor producNon/mulNple semileptonic decay 
•   Fake muons 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slide courtesy Bruce Hoeneisen 

Bs OscillaVons with and Without CP violaVon 

B0=bd meson, 
has a slightly longer 
lifeNme and a 
much longer 
oscillaNon period 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DeviaNons from the SM predicNon are signs of CP‐violaNng new physics 

CP‐violaNng asymmetry from 
semileptonic B decays 

ContribuNons from B0 and Bs: 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slide courtesy Bruce Hoeneisen  i indexes  
momentum bin 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slide courtesy Bruce Hoeneisen 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Measurement of the Like‐Sign Dimuon CP‐ViolaVng Asymmetry 

Phys. Rev. D 84, 052007 (2011) Kshort peak – 
pure sample of 
charged pions. 
Used to calibrate 
fake rate for pions 
idenNfied as muons 

K* reconstrucNon for a 
sample of charged kaons 

Green: 
ContribuNon 
from 
ρ0π+π‐ 
decays 

Dashed lines: 
Combinatorial  
background 

Data used to measure both background rates 
and asymmetries.  The Kaon asymmetry is 
the largest due to the different interacNon lengths 
for K+ and K‐ in detector material. 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Measurement of the Like‐Sign Dimuon CP‐ViolaVng Asymmetry 
Separately for the Bs and the B0 

D0 CollaboraNon, Phys. Rev. D 84, 052007 (2011) 

Very different mixing frequencies 
allow separaNon of how much of the 
CP‐violaNng asymmetry comes from B0 
and Bs decays. 

Sample separated into low‐impact‐parameter 
and high‐impact‐parameter subsets 
and interpreted jointly. 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slide courtesy M. Jones 

Upsilon PolarizaVon Measurement MoVvaVon 
Old problems predicNng J/ψ and ϒ ProducNon  (much bejer now) 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slide courtesy M. Jones 

Muon selecNon:  minimum pt cut (muon must penetrate the muon detector, be 
triggered, and reconstruct as a muon) sculpts the θ* distribuNon 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slide courtesy M. Jones 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Earlier measurements used only the s‐channel helicity frame and thus could measure 
only λθ .  New CDF measurement uses also the Collins‐Soper frame which 
 allows measurement of all three components 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slide courtesy M. Jones 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slide courtesy M. Jones 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slide courtesy M. Jones 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slide courtesy M. Jones 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slide courtesy M. Jones 

s‐channel helicity 
frame measurements 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  A reminder of the status of 
ground state b baryons 
  Λb, observed in 1990’s
  Σb

±, observed in 2007 

  Ξb
‐, observed in 2007 

  Ωb
‐, observed in 2008,2009 
‐  The Ωb

‐ results disagree 

  Ξb
0, observed 2011 (CDF) 

    this result 

B Baryon Ground States 

P. Lukens 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Strange, b Baryons with a    J/ψ 
Final State 

  So far, the Ξb
‐  and Ωb

‐ have been seen through the 
processes  
 Ξb

‐→ J/ψ Ξ−, J/ψ → µ+µ−, Ξ−→ Λπ− 

 Ωb
‐→ J/ψ Ω−, J/ψ → µ+µ−, Ω−→ ΛK− 

  The analogue for the Ξb
0 is inaccessible for CDF 

 Ξb
0→ J/ψ Ξ0, J/ψ → µ+µ−, Ξ0→ Λπ0 

J/ψ 

Ξb
0 / Ξb

‐ /Ωb
‐ 

Ξ0/ Ξ‐ /Ω-

P. Lukens 



T. Junk: Tevatron Results, LHC PhenoNet Winter School 2012  57 

AlternaNve Channels 

  AlternaNve final states with a π- could be expected  
  Ξb

0→ Ξc
+π-,  Ξc

+ →  Ξ− π+ π+
  Ξb

−→ Ξc
0π−,  Ξc

0 →  Ξ− π+ 
  Ωb

−→ Ωc
0π−, Ωc

0 →  Ω− π+  

  The analogue Λb→ Λc
+ π- has been known for some Nme. 

  These lack muons, so they must be found through another 
trigger mechanism.  CDF’s two‐track trigger is used. 

π- 

Ξb
0 / Ξb

‐ /Ωb
‐ 

Ξc
+/ Ξc

0 /Ωc
0

P. Lukens 



T. Junk: Tevatron Results, LHC PhenoNet Winter School 2012  58 

Chasing the Ξb
0
 Decay Chain 

Ξb
0 → Ξc

+ π-, Ξc
+ → Ξ- π+ π+, Ξ- → Λ π-, Λ → p π-

Requiring silicon 
hits on the  Ξ-

 
track, and 
impact parameter 
less than 100 μm 

Does not use J/Ψ in the decay chain! 

Strange Baryon SelecNon Chain: 

arXiv:1107.4015 

Small Data 
Sample 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ReconstrucVon of the Ξc
0 and Ξc

‐ 
The neutral Cascade‐c provides a route to observe the charged Cascade‐b 

Ξb
- → Ξc

0 π-, Ξc
0 → Ξ- π+, Ξ- → Λ π-, Λ → p π-

The difference is the lack of the second charged pion 
in the Ξc0 decay compared with Ξc+ 

Ξc
0

Ξc
+
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Charmed baryons 

  A nice Ξc
0 signal can be found 

in the Ξ-π+ final state 
  ct > 100 µm 

  A simple Gaussian fit was 
imposed on the mass 
distribuNon 
  ResoluNon of 9 MeV/c2 

  Red is the signal range 
  Black are sidebands used to 
  constrain background P. Lukens 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Charmed baryons 

  A nice Ξc
+ signal can be found 

in the Ξ-π+π+ final state 
  ct > 100 µm 

  A simple Gaussian fit was 
imposed on the mass 
distribuNon 
  ResoluNon of 8 MeV/c2 

  Red is the signal range 
  Black are sidebands used to constrian 
  backgrounds P. Lukens 



T. Junk: Tevatron Results, LHC PhenoNet Winter School 2012  62 

          Mass (MeV/c2) 
Ξ‐b       5796.7 ± 5.1 ± 1.4 
Ξ0b   5787.8 ± 5.0 ± 1.3 

Spectroscopy of the Ξb‐  and Ξb0 Baryons 

This is the first observaNon of the Ξb‐ in this final state.  
And the first observaNon of Ξb0 in any final state 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Log s ( = spacing appropriate) 

√s (GeV) 

1960 (Standard) 

630 (SppS, TeV I) 

300 (InjecNon; max lever arm) 

1800 (Run 1) 

ENERGIES 

900 (SppS, LHC(pp)) 

540 (SppS, TeV I) 

200 (RHIC(pp) SppS) 

Other pp(bar) energies 

Tevatron Run 2 

SppS was a ramping run, UA5 streamer chamber. 4K & 7K Min Bias events only. 
ISR (max 63 GeV) 

The Low‐Energy Run 

Results in 
preparaNon 


